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bstract
This manuscript presents, a new 5th order Chebyshev band pass filter with 2.45 GHz center frequency and 0.1 dB equal-ripple
ltering antenna are proposed. The design is based on the synthesis approach of the filter, which uses antenna radiator as the last-stage
esonator of the filter. This new compact design acts as a multi-function module performing filtering and radiation simultaneously.
he 4 resonators are provided by the parallel coupled half-wavelength microstrip lines and the last resonator is provided by the
ntenna. Without additional circuit area, the proposed geometry provides good design accuracy and filter selectivity as compared to
he filter simply cascade with antenna and a band pass filter of the same order. The measured results agree well with the designed
nes.
 2016 Electronics Research Institute (ERI). Production and hosting by Elsevier B.V. This is an open access article under the CC
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
eywords: Filtering antenna; T shape microstrip antenna; Filter synthesis
.  Introduction
The two most important passive devices in the RF front end are the microwave filters and antenna. Antennas and
icrowave filters are mostly individually designed and connected by transmission lines which increase loss and circuit
ize. Integration of these two passive devices together will reduce the impedance mismatch between them, losses will be
educed, size will be compact and hence the overall performance of the system will be enhanced. Such a device will be
ulti-function module performing radiation and filtering simultaneously. Such integration is also made for the purpose
f mastering the bandwidth which means shaping of frequency response. Researchers in the past have carried out thePlease cite this article in press as: Jadhav, J.B., Deore, P.J., Filtering antenna with radiation and filtering functions for wireless
applications. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.007
arametric analysis of filtering antenna with integration of radiating and filtering functions into single module that
eaturing filter like frequency response both for reflection coefficient and antenna gain (Chen et al., 2013). An additional
mpedance matching circuit is required to obtain the desired performance, which substantial rise the intricacy of the
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system in terms of weight, dimension and losses. Filtering antennas are designed using several shapes or forms such as a
fan-shaped antenna (Chen et al., 2013), square-shaped antenna (Hsieh et al., 2015; Li and Liu, 2016), U-shaped antenna
(Jiang et al., 2016; Zhang et al., 2015), inverted L-shaped antenna (Chuang and Chung, 2011), The -shape antenna
(Wei-Junwu et al., 2011; Chao-Tang and Chung, 2011), the Meander-line antenna (Chuang and Chung, 2009). These
antennas are highly susceptible to mismatch which is not good for size and loss reduction. The filtering performance
is obtained in above all designs with inserting extra filtering circuits to antenna feeding networks, which reduces the
antenna gain (Zhang et al., 2015). The antenna reported in (Chuang and Chung, 2011) is considered as reference
antenna in this proposed work. These reported filtering antennas use low thickness substrate like Roger R04003 and
RT Duroid which is costly and that gives wide band operation. A fan-shaped filtering antenna is discussed in (Chen
et al., 2013), with deflected ground structure act as a radiator as well as the second resonator of the filter. In (Hsieh
et al., 2015), a direct integration of a patch antenna and step impedance resonators with a multilayer concept to form a
stacked filtering antenna, same concept is reported in (Jiang et al., 2016), a vertical integration of filtering antenna with
two metallized via holes connect the top antenna to the bottom layer, so in stacked configuration the overall volume
of geometry becomes large. These attempts demonstrate that co-designed filtering antennas have the compact size
and superior with band selectivity, good harmonic suppression, and controllable bandwidth. Besides the most popular
techniques of filtering antenna design which uses antenna radiator as the last stage resonator of the filter (Chen et al.,
2013; Chuang and Chung, 2011, 2009; Wei-Junwu et al., 2011; Chao-Tang and Chung, 2011; Mansour et al., 2014). In
this paper, the antenna and filter components are first individually designed in order to obtain good radiating properties
in the desired band. Fig. 1 shows the geometry of 5th order Chebyshev band pass filtering antenna. It contains 4 parallel
coupled half wavelength microstrip lines and an T-shape antenna as the 5th resonator to achieve the best performance
for the overall system. The parallel coupling is advantageous as it reduces the length to half and also allows for larger
gaps between adjacent strips. The parallel coupled filter structure with appropriate spacing between resonators caused
a good coupling and provide desired bandwidth compared to other filter. By increasing the order of the filter (here
N = 5) ripple level decreases, fractional bandwidth increases, the circuit has better in band |S21|  performances and
improved |S11|  (Chin et al., 2008). Here the filtering antenna is printed on 0.508 mm thick substrate with εr = 3.38
and loss tangent of 0.0027. The ground plane of the whole circuitry has a size of L  ×  W  = 80 mm ×  40 mm. A 50 
microstrip line of width 1.44 mm is used to feed the antenna. For simple fabrication and enhanced circuit behaviour, a
quarter wave admittance inverter is used for synthesis and designing.
2.  Synthesis
2.1.  Synthesis  of  T-shape  antenna
The monopole T-shape antenna acts as a resonator as well as load impedance for the filtering antenna. It exhibits
series resonance. The circuit components of T-shape antenna are,
L = resonant inductance; C = resonant capacitancePlease cite this article in press as: Jadhav, J.B., Deore, P.J., Filtering antenna with radiation and filtering functions for wireless
applications. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.007
F F
RF = antenna radiation resistance; CG = parasitic capacitance
Yin = input admittance looking at the feed point of antenna
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tFig. 2. (a) Geometry of the Nth coupled line section and the corresponding equivalent circuit. (b) Equivalent circuit of T shape antenna.
ere, the shunt capacitance CG is included due to accumulation of charges at antenna feed point. Fig. 2(b) shows
he equivalent circuit of T-shape antenna. The equivalent circuit components of the T-shape antenna are obtained
y optimization method using the IE3D electromagnetic simulator. The last resonator of the bandpass filter to be
ynthesized is contributed by the series LF −  CF circuit, giving the center frequency as,
f0 = 12π√LFCF
(1)
his center frequency is chosen to be 2.45 GHz. Due to the presence of parasitic capacitance CG, the antenna frequency
A has to be slightly greater than the center frequency and it is determined by strip lengths of antenna. The antenna’s
eflection coefficient S11has it’s minimum value at the location of fA, and is given by,
S11 =  20 log
[
Yin −  Y0
Yin +  Y0
]
(2)
here Yin is derived from the equivalent circuit as,
Yin =  j2πfCG + 1
RF +  j2πfLF −  j2πfLF (f0/f  )2
(3)
y first extracting the equivalent circuit components and then the antenna is resonated at center frequency f0. We can
btain the antenna frequency fA, then by substituting all the values in above equation, we can obtain the physical dimen-
ions. Quality factor is the important parameter of the resonant circuit and higher value of quality factor corresponds to
ower loss in the resonant circuit. The quality factor of the antenna can be used for synthesizing the filtering antenna,
iven by
QA = 2πf0LF
RF
(4)
he effect of parasitic capacitance has not been considered in QA and hence, it’s not the whole quality factor of the
ntenna. It can be seen that quality factor of antenna decreases as the radiation resistance increases. The dimensions
f the T shape antenna are l1 = 8 mm, l2 = 15 mm, and w  =  1.44 mm. The extracted equivalent circuit components are
F = 11.745 nH, CF = 0.359 pF, RF = 22   and CG = 0.37 pF, with antenna resonant frequency fA = 2.51 GHz.
.2.  Synthesis  of  ﬁltering  antenna
Synthesis of 5th order Chebyshev bandpass filter in which, first four orders (filter resonators) are provided by the
arallel coupled lines sections and the last order is contributed by the T shape antenna. The synthesis of 5th coupled line
ection is different from the others, as it has to match to the low radiation resistance of the T shape antenna. Consider
ig. 2(a), in which the Nth (5th) coupled line section having the even mode characteristics impedance (Z′0eN ) and odd
ode characteristics impedance (Z′0eO) are shown in Fig. 2(a). The equivalent circuit of the Nth coupled line section
s also shown in the same figure, at center frequency f0.
The admittance inverter shown in Fig. 2(a), is basically an ideal quarter wave transformer, it enables us to use identicalPlease cite this article in press as: Jadhav, J.B., Deore, P.J., Filtering antenna with radiation and filtering functions for wireless
applications. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.007
esonators throughout the network and it is more convenient for implementation of filter at microwave frequency. To
btain the same performances of the coupled line section and it’s equivalent circuit, we have to show that ABCD
atrices of both the circuits are approximately equal at θ  = π/2 (Chuang and Chung, 2011). ABCD parameters are the
ransmission parameters, useful for defining circuit performance when more cascaded sections are used. The image
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impedance and propagation constant of both the circuits are calculated and equated to obtain the even-mode and
odd-mode characteristics impedance, given by
Z′0eN =  Za
[
Z0
Za
+  J ′NZ0 +  (J ′NZ0)2
]
(5)
Z′0oN =  Za
[
Z0
Za
−  J ′NZ0 +  (J ′NZ0)2
]
(6)
where Za is the characteristic impedance of the right side transmission line of equivalent circuit. As we have obtained
equivalent circuits of coupled line sections and T shape antenna, the filtering antenna structure can be expressed as
shown in Fig. 3. The two transmission line sections in between the admittance inverters can be replaced by a parallel
LC resonator. Here the T shape radiator is modeled as series RLC resonator (RF, LF, CF). The shunt capacitance CG
is employed to represent parasitic capacitance. This CG accounts the charges around the antenna feed point due to
truncation of ground plane. For frequencies close to center frequency, the Y1in of antenna section,
Y1in ≈  (J ′NZa)2
⎛
⎝j2πfCG + 1
j
√
LF
CF
((f/f0) −  (f0/f  )) + RF
⎞
⎠ (7)
Y2in =  j2πfC′G +  Y ′in (8)
where
Y ′in =
(J ′NZa)2
j
√
LF
CF
((f/f0) −  (f0/f  )) + RF
(9)
Substituting the value of Y ′in in Y2in,
Y2in =  j2πfC′G +
(J ′NZa)2
j
√
LF
CF
((f/f0) −  (f0/f  )) + RF
(10)
Equating (7) and (10) for C′G
(J ′NZa)2
⎛
⎝j2πfCG + 1
j
√
LF
CF
((f/f0) −  (f0/f  )) + RF
⎞
⎠ =  j2πfC′G + (J ′NZa)2
j
√
LF
CF
((f/f0) −  (f0/f  )) + RF
C′G =  (J ′NZa)2CG (11)
Now if a resonator with it’s adjacent couplings is removed from the filter and tested under singly loaded conditions
then, with shunt type resonance the dual equation is,Please cite this article in press as: Jadhav, J.B., Deore, P.J., Filtering antenna with radiation and filtering functions for wireless
applications. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.007
JN+1
GA
=
√
b
GAQA
(12)
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N+1 = admittance inverter parameter; GA = generator conductance; b  = susceptance slope parameter. By considering,
A = Y0; b  = (π/2)Y0. Above equation can be written as,
JN+1
Y0
=
√
b
Y0QA
; (Z0JN+1)2 = b
Y0QA
(13)
QA = π2(Z0JN+1)2
(14)
J ′NZ0 =
JNZ0
Za
(
2QARFZ0
π
)1/2
(15)
ow the dielectric constant of the substrate is 3.38 and height of the substrate is 0.508 mm, we can find out W/h, reff,
0
W
h
= 2
π
{
(B −  1) −  ln (2B −  1) + r −  1
2r
[
ln (B −  1) +  0.39 − 0.61
r
]}
=  6.44 (16)
reff = r +  12 +
r −  1
2
{
1 +  12 h
W
}−0.5
=  2.7175 (17)
Z0 = η√
reff
{
W
h
+  1.393 +  0.677 ln
(
1.44 + W
h
)}−1
=  49.828   (18)
.  Designing  of  ﬁltering  antenna
Step  1  At start, state the specifications of filter to be designed. With the help of these specifications, admittance
nverters JnZ0(n  = 1, 2, . .  ., N  + 1) and the parallel resonators LnCn(n  = 1, 2, .  . ., N) can be obtained. Specifications of
andpass filter to be synthesized are, a 5th order Chebyshev bandpass filter with a 0.1 dB equal-ripple response, N  = 5.
0 = 2.45 GHz; Fractional Bandwidth is 0.14.; Z0 = 50   As all the specifications are now obtained, we can determine
nverter constants, given by formulae,
Z0Jn = π	2√gn−1gn ,  n  =  2,  3,  . .  ., N (19)
J1Z0 =
√
π	
2g1
=  0.4379; J2Z0 = π	2√g1g2 =  0.1754 (20)
J3Z0 = π	2√g2g3 =  0.1336; J4Z0 =
√
π	
2g3g4
=  0.1336 (21)
J5Z0 =
√
π	
2g4g5
=  0.1754; J6Z0 =
√
π	
2g5g6
=  0.4379 (22)
he values of parallel resonators, for n = 1, . . ., 6 are given by
L  = 2Z0
πf0
=  2.068 nH; C  = 1
Lf 20
=  2.041 pF (23)
tep  2 As antenna is used as a last resonator and load impedance of the bandpass filter, specify the antenna structure
o be used. Here, the printed T shape antenna is used for this purpose.
Step 3  At this step, obtain all the dimensions of the T shape antenna. For this, calculate the antenna quality factorPlease cite this article in press as: Jadhav, J.B., Deore, P.J., Filtering antenna with radiation and filtering functions for wireless
applications. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.007
A given by,
QA = π2(Z0JN+1)2
=  8.192 (24)
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Table 1
Designed parameters of filter.
Sr No. Z0e() Z0o() √reff Z0e √reff Z0o W s
1 81.483 37.693 217.315 100.527 0.2 0.13
2 60.31 39.69 160.847 105.853 0.3 0.25
3 57.57 42.43 153.539 113.161 0.32 0.3
4 57.57 42.43 153.539 113.161 0.32 0.3
5 69.166 42.598 184.465 113.609 0.24 0.25
6 81.483 37.693 217.315 100.527 0.2 0.13
Now, the strip length l1 and radiation resistance RF can be obtained from the graph. Thus strip length l1 = 08 mm from
the QA −  l1 relationship of the graph, and similarly, RF = 26 . For obtaining all the antenna parameters,
QA = 2πf0LF
RF
; LF =  11.707 nH; CF =  0.3605 pF (25)
At this step, all the dimensions of T shape antenna are obtained.
Step 4  At this step, select the appropriate characteristic impedance Za as the line width and gap between the
microstrip lines of 5th coupled lines are dependent on Za. If Za > 50 , then the gap between the microstrip lines of 5th
coupled line will be too small and hence, difficult for practical realization. Hence, let Za = 40 . Now we can obtain
the inverter constant J ′5Z0 by using,
J ′5Z0 =
J5Z0
Za
(
2QARFZ0
π
)1/2
=  0.4428 (26)
Following, the even and odd mode characteristic impedances Z′0e5 and Z′0o5 of the 3rd coupled line section for the
designed filtering antenna can be calculated.
Z′0e5 =  Za
[
Z0
Za
+  J ′5Z0 +  (J ′5Z0)2
]
=  69.166  (27)
Odd mode characteristic impedance of 3rd coupled line section is given as,
Z′0o5 =  Za
[
Z0
Za
−  J ′5Z0 +  (J ′3Z0)2
]
=  42.598   (28)
Step  5  Now, obtain the even-mode and odd- mode characteristic impedances of 4th coupled line sections as,
Z =  Z
[
1 +  J Z +  (J Z )2
]
= 81.483   (29)Please cite this article in press as: Jadhav, J.B., Deore, P.J., Filtering antenna with radiation and filtering functions for wireless
applications. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.007
0e1 0 1 0 1 0
Similarly, Z0o1 = 37.693 ; Z0e2 = 60.31 ; Z0o2 = 39.69 ; Z0e3 = 57.57 ; Z0o3 = 42.43 ; Z0e4 = 57.57 ;
Z0o4 = 42.43 ; After the impedances are obtained, we can get the line width and spacing between them, with
Table 2
Designed parameters of T-shape antenna.
Sr No. Antenna parameter Values
1 Vertical length (l1) 08 mm
2 Horizontal length (l2) 15 mm
3 Width (w) 1.44 mm
4 Antenna resonant frequency (fr) 2.51 GHz
5 Quality factor (QA) 8.192
6 Antenna radiation resistance (RF) 26 
7 Resonant inductance (LF) 11.707 nH
8 Resonant capacitance (CF) 0.3605 pF
9 Parasitic capacitance (CG) 0.37 pF
ARTICLE IN PRESS+ModelJESIT-125; No. of Pages 10
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he help of nomograms. Table 1 shows the designed parameters of filter and Table 2 shows the designed parameters
f T-shape antenna.
.  Simulated  and  measured  results
The filtering antenna is fabricated on 0.508 mm thick FR4 substrate with a dielectric constant of 3.38 and loss
angent of 0.0027 as shown in Fig. 8. To avoid the critical problems related to fabrication errors we have considered
imensions larger than 100 m. The ground plane size is L  ×  W  = 80 mm ×  40 mm. The ZVL13 Vector network
nalyzer (Rode and Schwarz) and antenna training and measuring system are used to measure the filtering antenna. In
his design method-of-moments based electromagnetic simulator, IE3D is used. Fig. 4 shows the comparison between
imulated and measured return loss |S11| of 5th order Chebyshev band pass filter. The ripple level of the |S11| curve is
etter than −20 dB in simulation whereas −18 dB is obtained in measurement, which implies the better performance
|S11| ≤  −10 dB is the criterion to consider resonant frequencies). The in-band and out of band performance remain
lmost unchanged as the ground plane is increased. This implies that the ground plane has little effect on this bandPlease cite this article in press as: Jadhav, J.B., Deore, P.J., Filtering antenna with radiation and filtering functions for wireless
applications. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.007
ass filter performance in terms of return loss. Here transmission zeros are created at each side of pass bands so as
o improve skirt selectivity and to enhance the rate of roll-off. Fig. 5 shows the comparison between simulated and
easured insertion loss |S21|  of 5th order Chebyshev band pass filter. The detailed measured data show that in band
Fig. 5. Simulated and measured S21 for 5th order Chebyshev bandpass filter with Gain in dB of proposed filtering antenna.
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|S21| is only −1 dB which is acceptable for many applications. The practical |S11|  and |S21| response shows even
better agreement with the calculation. Note that the graph in Fig. 5 |S21| does not include the effect of the T-shaped
antenna, it consist only the parallel coupled line filter between ports 1 and 2. The proposed filtering antenna gain
versus frequency in +Z  direction also shown in Fig. 5. The response of the filtering antenna gain versus frequency has
sharp skirt selectivity and almost flat in the passband. Also, two radiation nulls in the stopband can be observed in the
simulation results. The first radiation null of the proposed filtering gain is at a frequency of 2.25 GHz. While second
radiation null of the proposed filtering gain is at a frequency of 2.65 GHz. The simulated and measured return losses
(|S11|) of the proposed filtering antenna are shown in Fig. 6. The measured center frequency of 2.45 GHz is achieved
which is very close to the simulated 2.47 GHz. The measured 3 dB fractional bandwidth of 12.24% is close to the
simulated bandwidth of 11.5%. There is minor mismatch between the simulated and measured results, it is because of
error in fabrication or measurement system. The ground plane effect needs to be taken into account when the filtering
antenna implements in the RF front end system. The in-band and out of band performance remain almost unchanged
as the ground plane is increased or decreased. The in-band return and insertion losses are good (i.e. |S11| ≥  -18 dB,
and |S21| ≤  −1 dB) with frequency selectivity at both edges is high. Fig. 7 shows the radiation patterns at 2.45 GHzPlease cite this article in press as: Jadhav, J.B., Deore, P.J., Filtering antenna with radiation and filtering functions for wireless
applications. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.10.007
frequency in xy, xz, and yz  planes. The radiation patterns are omnidirectional and stable across the entire pass band. The
simulated and measured results of filtering antenna are very close to each other which proves the efficacy of proposed
design. Finally, we compare the proposed filtering antenna to that in the reference. The results are shown in Table 3.
Fig. 7. Radiation field patterns of proposed filtering antenna in the yz, xy and xz plane.
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Table 3
Performance summary of filtering antenna
Ref. No. f0 FBW (GHz) RL (db) Order Gain
2.4 8.3 -15 2 2.3
[2] 2.4/5.8 4.5 -18 – 1.1
[3] 2.45 5 -20 2 6.85
[4] 2.4 4.5 -14 5 3.5
[5] 2.45 10.2 -22 3 0.65
This Work 2.45 12.2 -28 5 3.5
I
s
5
l
c
o
u
a
fi
R
C
C
C
C
C
H
JFig. 8. Photograph of proposed filtering antenna.
t indicates that the proposed filtering antenna has a maximum FBW and higher selectivity than that operating in the
ame band.
.  Conclusions
Antenna and filter are the two irreplaceable components in the RF front-end since the size reduction and designing
ow profile structures are a trend in RF circuit design and is gaining momentum. Here, a filtering antenna with new
o-design approach has been proposed and implemented. At first, the circuit components of the T-shape antenna are
btained which are then used for the synthesis of parallel coupled microstrip lines. A quarter-wave admittance inverter is
sed in the synthesis of the filter, whose characteristics impedance is other than Z0. The filtering antenna was fabricated
nd tested, exhibiting an S11 <−28 dB, with fractional bandwidth of 12.2% and gain higher than 3.5dB. The proposed
ltering antenna is an excellent candidate for future wireless communication systems.
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